Laterally connected vascular bundles in the nodes of sugarcane (Saccharum species cv. Pindar) stalks allow a rapid redistribution of water across the stalk should the vascular continuity be partly disrupted. Tritiated water supplied to the roots exchanged rapidly between the xylem and storage tissue so that net movement up the stalk was slow. The half-time for exchange in a labeled stalk was about 4 hours so that the entire water content of a sugarcane stalk can turn over at least once in a single day. No rapid flux of sugar between xylem and phloem or xylem and storage tissue was detected. Functional xylem contained only low sugar concentrations: less than 0.3 % w/v in the stalk and less than 0.02% w/v in the leaf. Previous reports of high sugar levels (9 % w/v) in sugarcane stalk xylem reflect some degree of xylem blockage followed by a slow equilibration with free space sugars in the storage tissue.
The path of water through a plant is generally considered to involve passage through the root cortex to the xylem and thence as a continuous column through the stem to the leaves. In the leaves water passes from the xylem through the mesophyll cells to the substomatal cavity. Such a path involves lateral transport in both the root and leaf but, apart from lateral redistribution of water in the stem when parts of the root system are subjected to reduced water potential (2, 12) , there is little evidence for substantial lateral water movement in the stem. Hulsbruch (9) stated that water follows the path of least resistance through the plant, but considered that lateral movement from xylem elements of the stem was a minor component of the total flow.
Sucrose levels in the fluid expressed from xylem elements of sugarcane may reach 8 to 9% w/v (7) . Since transpiration rates in sugarcane commonly exceed 1 liter per stalk per day this flow through the xylem would transport some 100 g of sucrose to the leaves daily, which is 25 to 50 times more sugar than could be produced by photosynthesis in the same period.
The purpose of this paper was to investigate the movement of water and sugars through sugarcane stalks in order to resolve the above anomaly.
MATERIALS AND METHODS
Four distinct approaches were involved and the methods can be summarized separately for each study. Stalks from field-grown sugarcane (Saccharum species cv. Pindar) were hand sectioned and stained with tissue specific stains (phloroglucinol and aniline sulfate-methylene blue) for observations of vascular traces, particularly in the nodal region. Further sections were retted by the technique of Laubengayer (10) to facilitate studies on the positions of intact vascular strands. DYE 
MOVEMENT
Sugarcane plants were grown in containers filled with a perlite-vermiculite mixture (1:1) and supplied with a complete nutrient solution. When required, the containers were immersed in water and the stalks severed under water with a sharp knife. The water surrounding the severed stalk base was replaced with an eosin solution and the plants exposed to sunlight in a glasshouse.
Three treatments were imposed to follow dye redistribution in the stalk. These were (a) an intact stalk; (b) a stalk with two opposing lateral cuts within an internode; and (c) a stalk with the two lateral cuts separated by a node. Within 5 min of exposure the leaves of the control plants were fully colored and all stalks were split longitudinally to observe dye distribution.
Similar treatments were applied to intact plants so that transpiration rates could be monitored. TRITIUM MOVEMENT 1. Uptake. Two liters of tritiated water (1-2 mc) were added to a plant growing in a container as outlined above. Free drainage was allowed, and the drainage water was poured back into the container several times to provide uniform labeling around the roots. The container and excess drainage water were sealed in a polythene bag so that transpiration could be followed by weight loss.
Samples leaf, and the fluid entering the microcapillary tube was used for sugar analysis. By forcing an eosin dye solution through from the basal end and measuring the volume of fluid entering the microcapillary tube before the appearance of the dye, it was possible to calculate that it was near that expected from a xylem element of the length of the stalk section being sampled.
The method described to measure the free space with which tritiated water equilibrated when pumped through the vascular tissue ( Fig. 1 ) was also used to measure the free space for 14C-glucose and fructose. In one such experiment 14C-glucose solution was circulated for 4 hr, and samples (10 ,d ) removed at intervals for chromatography and liquid scintillation counting.
Radioactive sugars were separated chromatographically and estimated by methods described previously (11 posing cuts were separated by a node the dye moved up the undamaged part of the stalk to the node. At the node it was redistributed laterally and moved up the undamaged section on the opposite side of the stalk. The following node served to redistribute the dye across the entire stalk cross section so that all vascular bundles then carried the dye. However, if the two cuts were made within the same internode vascular continuity was lost and no dye movement occurred.
That the dye movement represented water movement was verified by the transpiration measurements made on intact plants (Table I) . The presence of a node between the two cuts allowed about 60% of the total control transpiration rate but at lower radiation flux densities there was little difference in transpiration. When the two cuts were made within an internode transpiration was maintained for almost 2 hr and then virtually ceased. The initial water loss in this treatment (90 g) was about 10% of the stalk fresh weight. Consideration of the xylem volume (about 3% of stalk volume) and the volume of stalk above the highest cut (about 50%) revealed that only 15% of the water lost could have come from the xylem. The remaining 85% must have been extracted from leaf and stalk tissue before stomatal closure was effective.
Tritium Movement. Assay of the tritium activity in transpired water showed that after 3 hours transpiration the specific radioactivity was only 12% of that supplied to the roots, de- (Table II) . Over 6 hours elapsed before the specific radioactivity of tritium in the leaf xylem contents reached that at the roots (Table III) . During this period the volume of water transpired was almost equal to the stalk volume, i.e., some 33 times the xylem volume. The pattern of tritium distribution 3 hours after supplying tritiated water to the roots showed that significant activity could only be detected up to eight internodes (1.5 m) above ground level (Table IV) .
These results are consistent with the hypothesis that water in the xylem is in rapid equilibrium with water in other parts of the stalk, the rate of exchange being sufficiently rapid to dilute the radioactivity of tritiated water moving up the xylem to the leaves.
An estimate of this exchange rate was obtained by measuring the rate of loss of tritium from a labeled stalk. In all three internodes examined the half-time for tritium loss was about 4 hr (Fig. 3) . Results from the leaf were erratic due to low counts and altered transpiration rates arising from changes in Plant Physiol. Vol (B) and from internodes situated two (B' + 2) and six (B + 6) nodes further up the stalk. Leaf punches (0.7-cm diameter) were taken downwards from the tip of the first fully expanded leaf. All samples were immediately dropped into preweighed bottles containing 2 ml of absolute ethanol. Ethanolic extracts were decolorized with activated charcoal before scintillation counting in the dark at -20 C. The half time (ti) for loss of radioactivity is shown for each internode. Figure 1 . The initial rapid loss and recovery of radioactivity reflects a pulse of unlabeled water remaining in the section when the reservoir and tubing were filled with tritiated water. Initial and final counts were 733,400 and 6300 cpm/ml. The dilution was therefore from 3 to 349 ml of which 3 ml was due to tubing and reservoir. Hence, the tissue free space for tritiated water was 346 ml or 99% of the tissue volume. leaf presentation to incoming radiation. Tritiated water pumped through a stalk section reached a steady state concentration in less than 1 hr and the calculated free space volume was almost equal to that of the section (Fig. 4) .
It is evident that in sugarcane, the xylem water is in rapid equilibrium with water in the remainder of the stalk. Transpiration involves not only water moved up the xylem vessels but water moved up the entire stalk free space. During a single day's transpiration the entire water content of a sugarcane stalk can be turned over at least once.
Sugar in Xylem and Transport of Xvlem Sugar. Hawker (7) (Table V) .
High sucrose levels could not be detected in leaf xylem of either of the varieties used for stalk xylem samples, the levels always being less than 0.02% (w/v) in more than 20 measurements of midrib and lamina xylem elements.
To test the dynamic flux model of rapid sugar movement between xylem and phloem, advantage was taken of previous observations by Bieleski (3) that the phloem of isolated vascular tissue from cane stalks accumulated glucose at rates at least ten times higher than parenchyma cells, and by Hatch and Glasziou (6) that glucose and fructose are rapidly converted to sucrose during translocation. If radioactive glucose was circulated through xylem in a closed system by the method used for tritiated water (Fig. 1 ) then according to the dynamic flux model, the glucose should move across to the phloem, be converted to sucrose, and at least some should re-appear in the circulating solution as radioactive sucrose.
The result of such an experiment is shown in Figure 5 . The volume of the tissue with which the "C-glucose equilibrated rapidly was 3% in contrast to 99% for tritiated water (Fig. 4) By promoting excessively high growth rates at the top of the stalk, it is possible to drain bottom internodes of their sucrose (4) . It is problematical whether the reversal of the normal sugar flow occurs via the phloem, or whether xylem sugar movement as suggested by Hawker (7) accounts for much of the sugar redistribution.
